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In this paper, a harmonic-treated thyristor-controlled reactor TCR is 
presented as a linearized harmonic-free compensating susceptance 
controllable in inductive and capacitive modes. The harmonic-treated TCR is 
a traditional TCR conditioned in such a manner that it can respond 
continuously and linearly to capacitive and inductive reactive current 
demands without noticeable harmonic association or active power 
contribution. The conditioned configuration is produced by equipping the 
TCR with self-harmonic suppressing and filtering circuitries, which 
guarantee harmonic cancellation with minimal no load operating losses. The 
harmonic treated TCR avoids the need to high power harmonic filters 
required to treat the harmonics of the traditional TCR. The devised 
susceptances are used to build a load current balancing system for grounded 
loads in a 380-V, 50Hz power distribution system. Both the compensating 
susceptances and the load current balancing system were designed and tested 
on PSpice. The simulation results have demonstrated the linearity, control 
continuity, and harmonic cancellation of the proposed harmonic-treated TCR 
as a fast response compensating susceptance reliable for load current 
balancing purposes. The proposed load current balancing system revealed 
superior treatment to various unbalance conditions, thus it is deservedly 
promoted to have the feasibility of supporting grids having fast varying 
loads. 
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1. INTRODUCTION 


Unbalanced loads and loads with poor power factor are two challenging issues facing the power 
quality of power system networks. Reactive power (Var) is mainly controlled by static Var compensators. 
Var control is usually employed to meet power quality requirements such as voltage regulation and power 
factor correction. Many power quality issues such as harmonic minimization and load compensation can be 
solved by using static Var compensators or static compensators [1]-[7]. The difference between a static Var 
compensator (SVC) and static compensator is that a static Var compensator is a reactive device used to 
control Var in both modes of operations (inductive and capacitive), while a static compensator is capable of 
controlling both real power and reactive power. A static compensator may be constructed of several SVCs. 
The increase in electricity demand nowadays makes focusing on power quality greater than ever. Today, 
there is an urgent need to increase the efficiency of transmission systems by minimizing their losses through 
load compensation and power factor correction [8], [9]. Static Var compensators and static compensators are 
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efficient tools to accomplish load compensation and power factor correction for better power quality 
purposes [10]. The thyristor-controlled reactor TCR is simply a reactor connected in series to two anti- 
parallel thyristors and the series combination is supplied by a phase or line to line voltage of the AC power 
system network. It is controlled continuously by the symmetrical firing angles of its thyristors. TCR usually 
injects odd harmonic current components [1], thus it requires installation of harmonic filters at its location 
[5]. Poor power factor and unbalanced loads cause extra losses in transmission systems and power generation 
stations. In addition, they may restrict the transmission capability of transmission systems. Therefore, load 
compensation and power factor correction are effective remedies to these challenging issues. The benefits of 
load compensation and power factor correction are involved in energy saving, transmission loss reduction, 
voltage stabilization, and the feasibility of operating transmission lines closer to their thermal limits [11]-[25]. 

Load compensation and power factor correction systems have great impacts in transmission loss 
reduction and energy saving in power generation stations [11]-[25]. Load currents balancing process is 
involved in two steps; load reactive currents compensation which means power factor correction and load 
active power compensation which means load balancing [8]-[11]. Load compensation and power factor 
correction were firstly approached by using static Var compensators in 1978 by [25]. At that time the TCR 
was available as controllable inductive reactive device. It was used beside a fixed capacitor to devise a static 
Var compensator controllable in inductive and capacitive modes of operation. Three identical fixed capacitor- 
thyristor controlled reactor based switched virtual circuit SVCs were connected in delta-form and used to 
compensate load unbalances for ungrounded loads. In this work load balancing mechanism was studied and 
its compensating susceptances basic equations were derived in terms of load conductances and susceptances 
using symmetrical components. The compensation system was designed for load balancing of three-wire 
unbalanced loads. The compensation process comprised two steps; unity power correction and real power 
balancing. Although the compensation system released a wide spectrum of odd current harmonics, it opened 
wide spaces of interest in load compensation by using static Var compensators. Actually, static Var 
compensators employing TCRs in their construction require high power harmonic filters which add 
additional costs and energy losses [1]. Large fluctuating loads are intended to be balanced for two main 
reasons: l- the AC power system is too weak to support its terminal voltage within acceptable range of 
variation and 2- it is not economical or practical to supply Var demand from the AC system [23]. Load 
current balancing systems require pure compensating susceptances in order to compensate the load reactive 
current components and balance its active current components. Load current balancing for 4-wire systems 
can be achieved using power converter based Var devices like distribution static synchronous compensators 
STATCOMs distribution static synchronous compensator (DSTATCOM) [2], [8], [25]. Other approaches 
adopted shunt power converted based Var compensating devices for accomplishing voltage and current 
compensation in addition to harmonic minimization [2], [4], [6], [7], [12], [13], [20]. Series compensation 
systems can be used for treating voltage and current imbalance conditions beside the treatment of harmonic 
issues [15]. Separate compensating susceptances connected in delta and star forms are capable of 
accomplishing more flexible compensation for voltage and current imbalance conditions compared to 
systems using lumped compensation systems like DSTATCOMs [1], [3], [5], [8]-[11], (14]-[19], [21], [22]. 

Newton-Raphson method was used in [26] to model the TCR in frequency domain for 
accomplishing fast convergence to steady state with high accuracy. A cascaded single-phase converter having 
seven voltage levels was built by [27] using a hybrid of two-level cells This scheme requires reduced number 
of switching devices compared traditional ones. It is designed to integrate two-stage cells for shaping the 
intended voltage profile. Similar topology was approached by [28] to reduce the harmonic effect on the 
converter voltage profile. A shunt active power filter was proposed by [29] for treating the problem 
harmonics current in the AC source as a result of nonlinear loads. This filter was designed to improve the 
power quality of the AC grid via compensating harmonic currents and reactive power. A single-phase voltage 
source converter equipped with a shunt active filter was proposed by [30] to accomplish optimal 
minimization of current disturbance and harmonic reduction. A DSTATCOM equipped with Icos 
controlling modality was proposed by [30] to enhance voltage regulation, power factor improvement, load 
balancing, and harmonic suppression of non-linear loads, whereas a system in [31]. 

In this work, a new configuration of compensating susceptances characterized by control continuity, 
broad range of linearity, negligible no load operating losses, very low operating losses, considerable fast 
response to current demand, and negligible harmonic injection. The proposed susceptances are built of 
harmonic-treated TCRs and employed in the construction of two static compensators for balancing phase 
currents in 4-wire systems. Applying the new proposed compensating devices in the construction of the 
proposed load balancing system, results in wide range of compensation capability, high speed response in fast 
varying environments, perfect balancing of AC source line currents, and stiff synchronization with utility grid. 
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2. LOAD CURRENT BALANCING FOR THREE-PHASE, 4-WIRE LOADS 

For an unbalanced grounded wye-connected load, a current flow through the neutral wire. 
Therefore, load current balancing for three-phase, 4-wire loads requires two static compensators in order to 
achieve active phase currents balancing and reactive currents compensation [9], [14]. The first static 
compensator is connected in delta-form using three identical compensating susceptances controlled 
continuously in capacitive and inductive modes of operation. The second static compensator is similar to first 
one except its compensating susceptances are connected in star-form. Figure 1 shows the layout of the 
balancing mechanism of a three-phase, 4-wire load (grounded load) fed by a balanced three phase voltages 
Va, Vg, and Vc. The mechanism of this technique is involved in two steps. In the first step, the active current 
components of the load phase currents are balanced by the active current components of the line currents 
produced by the delta-connected static compensator. In the second step, the reactive current components 
produced by the delta-connected static compensator and the reactive current components of the load phase 
currents are compensated by the reactive phase currents produced by the star-connected static compensator. 
Bsıag, Bsıgc, and Bsica are the compensating susceptances of the first compensator (delta-connected static 
compensator), while Bs24, Bs2z, and Bszc are compensating susceptances of the second static compensator 
(star-connected static compensator). [si4, Isıg, and Is;c are the first static compensator line currents, while Js2a, 
Is2z, and Is2c are the phase currents of the second static compensator. Iza, lrg, and Ic are load phase or line 
currents. 
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Figure 1. Layout of load current balancing system for grounded loads 


The AC phase voltages V4, Vg, and Vc of the three-phase power system network are assumed to be 
balanced, thus they can be given by: 


Va =V 0) 
Vp < UZ (- z 2) 
Ve =V2 (- =) (3) 


Where, V is the rms magnitude of each phase voltage and Z represents the phase angle symbol. The phase 
currents of the unbalanced three-phase 4-wire load can be given by 


Tha = IAZA = Wal cos bra + ital sin dra (4) 
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Lg = Wie lZ (-= T $12) = (|B| cos dbs + lial sin dsl (- =) (5) 


he = lele + die) = (lcl eas bic + Jls) sin pic)4(-#) ~ 


Where, dia, Gs, and gic are the power factor angles of phases A, B, and C respectively. |Jzal, zal, and MZzcl, 
are the absolute rms values of Iza, Izg, and Irc respectively. I4, Ig, and Ic are the rms line currents of the AC 
source. According to the main objective of this research, the AC source currents should be balanced and 
active. Consequently, they can be expressed as: 


L=) U) 
Ip =12(-=) (8) 
Ic =1z(-=) (9) 


Where, J is the rms magnitude of each phase current. The active power Pz supplied to the unbalanced load 
and the active power P that should be supplied by the AC source after balancing can be given by: 


P, = VUI cos br, + Mgl cos dbs + lic cos bic) (10) 
P=3VI (11) 


The active power supplied by the AC source should be equal to the power consumed by the unbalanced load 
or in other words: 


P = 3VI = P, VUI] cos 14 + Mgl Cos dbs + llel cos bic) (12) 
In (12) for J, gives 


— Ualcos ġLA+lILB| cos oLeg+lILcl cos Lc 
p = Palcos tua ap oe Pap Nal oe Pac (13) 


The compensating currents Isa, Isıg, and Is;c of the delta-connected static compensator can be expressed in 
terms of its compensating susceptances and phase voltages as: 


laa = V3V cos (=) (Bsica — Reap) + jV3V sin (=) (Bsiap + Bsica) (14) 
leap = (v3v cos (=) (Bsiaz — Bsipc) + jv3V sin E (Bsıgc + paus) L (=) (15) 
Isic = (v3v cos (=) (Bsigc — Bsica) + jV3V sin (=) (Bsica + pasc) 4 (- =) (16) 


According to [9], [14], the compensating susceptances Bs 4p, Bsizc, and Bs;ca can be expressed in terms of 
load active current components as: 


2 

Bsı4B = sav (lhal cos 14 — lIs | cos biz) (17) 
2 

Bsigc = zzy (lel cos dip — Hcl cos bic) (18) 
2 

Bsica = sC lcl cos Pic — lal cos bia) (19) 


Both the delta-connected static compensator (the first static compensator) and the Y-connected compensator 
(the second static compensator) are built of pure susceptances and don’t consume any active power at all. The 
susceptance currents Is24, [s28, and Is2c of the second compensator are pure reactive and should compensate 
for the reactive currents generated by the first compensator and the load reactive currents. Doing this for each 
phase of the second compensator and substituting for Bsjap, Bsıgc, and Bsica by its values expressed in (17)- 
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(19) give positive values of compensating susceptances denote capacitive susceptances, while negative 
values mean inductive susceptances. 


B _ lILBlcos ds lc) cos pLc-v3lILal sin LA 20 
S2A 7 V3V ( ) 
B _ lILclcos décla cos pLa-vV3lILBl sin LB 21 
son = a (21) 
B _ Hralcos ¢La-liLBl cos ġLB-v3lILcl sin bic 22 
S2C — Reit L ) 


2.1. The harmonic-treated TCR based SVC 

The harmonic-treated TCR is built of a harmonic-suppressing circuit connected in series with a 
traditional TCR shunted by a filtering circuit as shown in Figure 2. The filtering circuit is responsible for the 
cancellation of the harmonics released by the TCR and generating the capacitive reactive power demanded 
from the SVC. The harmonic-treated TCR is a reliable replacement of the traditional fixed-capacitor thyristor 
controlled-reactor shunted by high power harmonic filters. In addition, the harmonic-treated TCR current 
fundamental is linearized with reactive current demand. 
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Figure 2. Layout of the harmonic-treated TCR based SVC 


The harmonic-suppressing circuit is built of the series RLC circuit represented by Cs, Ls, and Rs. It 
is designed to resonate at the AC source fundamental angular frequency œ. Rs represents the self-resistance 
of the reactor Ls. The filtering circuit is built of the series RLC filters R:LıCr, R2L2C2, and R3L3C3 which are 
designed to eliminate, respectively the third, fifth, and seventh odd current harmonics released by the TCR. 
Rı, R2, and K: are the self-resistances of L;, L2, and L3, respectively. The currents is, ir, and ip are representing 
the instantaneous currents of the SVC, TCR, and the filtering circuit, respectively. The traditional TCR and 
its current waveform are shown in Figure 3. In this figure, the TCR is represented by the reactor Lr and the 
two anti-parallel thyristors X; and X2. The AC instantaneous voltage applied across the TCR is vr, while a 
represents its firing angle which is measured from positive peak point of vr toward its next negative slope 
zero-crossing point. This angle varies in the range of 0< a<a/2. The fundamental component of ir can be 
given by [1], [5], [26]. 


Vin 


TWLT 


h= (m — 2a — sin 2 æ) = =” F(a) (23) 
C9 
Where Fra) is defined by: 
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F(a) = (1-5-55) (24) 
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Figure 3. The traditional TCR and its actual current waveforms 


The instantaneous value of fundamental component of iris i7, which can be expressed as in (25): 


i, = —I, cos(wt) = — Im F(a) cos(wt) (25) 


wLr 


Since iris symmetrical around the wt axis, it only contains odd harmonic current components. The absolute 
value of its nth current harmonic is given by [1], [5]. 


_ Vm (= acos(na)-ncosa me) 
T n(n2?—1) 


4 TOL (26) 


Where, n is a non-unity positive odd integer. Since the harmonic-suppressing circuit is designed such that it 
resonates at the AC fundamental frequency a, it can be written. 


ne ee (27) 


wCs 


Where, Xs is the characteristic impedance of the harmonic-suppressing circuit. Since the harmonic filters 
RıLıCı, RoL2C2, and R3L3C3 resonate at 3w, 5w, and 7a, respectively, the following can be deduced. 


1 


Xy = 30h = (28) 
_ —_ 1 

Xs = Stl, = + (29) 

X, = Tøl; = a (30) 


Where, X3, Xs, and X: are the characteristic impedances of the harmonic filters R;LıCr, R2L2C2, and R3L3C3, 
respectively. At frequencies of order higher than that of the 7" harmonic, the self-resistances of the reactors 
building the filtering and the harmonic-suppressing circuits become negligible compared to their 
corresponding reactances. Consequently, the nth harmonic impedances of the filtering circuit Zr(næœ) and 
harmonic-suppressing circuit Zs(n@) can be expressed as: 


j 
Zrno) = — + D >7 61) 
$ 1 1 
HaLA anD TL 2 C2 nols -notz 


2 
Z3(nw) = jnwLs + = iXs—, n>7 (32) 


jnwCs 
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The nth harmonic impedance of the harmonic-suppressing circuit is required to be very much greater than 
that of the filtering circuit at frequencies above the 7" harmonic in order to protect AC grid from the injection 
of higher current harmonics. This implies that as in (33): 


[Zs(nw)| = 10|Z-(nw)| (33) 


If the filtering circuit is designed such that its harmonic filters have the same characteristic impedances at 
their corresponding resonance frequencies, then Z-(n@) can be simplified to: 


j (Z 
Ze Una) = h = an H > 7 (34) 


i 
nZo 3Zo'nZo 5Zo'nZo 7Zo n23 n225 n249 
3 n 5 n 7 n 


Where Zo is defined by: 
Zo = X3 = X; = X7 (35) 


Substituting (32) and (34) into (33) gives: 


10Zo 
Xs 


+ 


= yn? (36) 


5 
n2-25 749 


2 @ D( 


3 
n2-9 
Changing the (>) operation to (=) in (36) and taking n=9 yield: 


84 
Xx. = — 
S ~~ 935 °'0 


(37) 
The harmonic filters in the SVC depicted in Figure 2 are responsible for supplying the capacitive reactive 
current demand. The maximum value of this current is supplied when the TCR firing angle is 2/2. At zero 
reactive current demand, the TCR must be fired at an angle such that it compensates for the capacitive 
current generated by the filtering circuit. On the other hand, this SVC must be capable of satisfying its 
inductive reactive current demand. The reactive current ratings (capacitive and inductive) of the SVC 
employed in the star-connected compensator are mainly dependent on the reactive current rating of the SVC 
employed in the delta-connected compensator and the average power factor of the three-phase load intended 
to be balanced. Since the SVC employed in delta-connected compensator represents a bipolar compensating 
susceptance, it should have similar inductive and capacitive current ratings, i.e. the TCR reactive current 
rating should be twice that of the filtering circuit. Generally, taking the TCR and filtering circuit reactive 
current ratings into accounts, implies that: 


[Zp (w)| = ksl (38) 
Where, kr is the rating factor which indicates how much the TCR reactive rating is greater than that of the 
filtering circuit. At the supply fundamental angular frequency æ, the filtering circuit becomes to some extent 


pure capacitive. In other words, the harmonic filters self-resistances become negligible compared to their 
corresponding net capacitive reactances. Taking n=1 in (34) and substituting for Z-(@) in (38) give: 


5 
Zo = Z kewl (39) 


Subtitling (37) into (39) and equating for L;, L2, and L: in (28)-(30), respectively, give: 


35 

Li = tag Krr (40) 
7 

ly = kal (41) 
5 

L3 = ae Kehr (42) 


Substituting (39) into (37) and equating for Ls in (27) give: 
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_ 49 


L 
S — 188 


kgLr (43) 
The capacitor’s design values can be determined using the expressions identified in (27)-(30). The self- 
resistances of reactors are chosen such that their corresponding reactors are revealing almost pure reactive 
responses at the AC source fundamental frequency. The harmonic-suppressing and filtering circuits function 
coherently to block the flowing of TCR current harmonics in the AC source side. In addition, these circuitries 
achieve cost and energy savings compared with the high power harmonic filters required for the traditional 
TCR applications. 


2.1.1. SVC current controlling scheme 

The current controlling strategy of the SVC built of a harmonic-treated TCR is shown in Figure 4. 
The input signals in this figure are k2Bs and k3vac. The analogue signal k2Bs is actually proportional to the 
reactive current demanded from the SVC. Vcr is an analogue voltage controlling the TCR firing angle and is 
determined as: 


Vine Bla (44) 


Where, A; and A2 are constants depending on the rating factor Kr. Vcr varies in the range of zero to +5V. 
The zero value corresponds to the maximum positive value of k2Bs, while +5V is corresponding to its lowest 
negative value. The voltage signal k3vac is firstly zero-crossed to produce the rectangular waveform Vs; and 
secondly delayed by 5msec and then zero-crossed to produce the rectangular waveform Vs2. The rectangular 
waveform Vs; is obtained through the X-NOR operation on Vs; and Vs2. Vs3 is processed in F(a) block which 
produces a waveform representing the analogue simulation of in (24). The output of F(a) is multiplied by 5 to 
obtain V(a). Vcr is compared with Vra) to obtain Vcx which is logically multiplied by Vs2 and its complement 
to obtain the TCR firing signals Vx; and Vx2 shown in Figure 5. The TCR firing signals can be given by: 


Ver = VexVs2 (45) 
Vx2 = VexVs2 (46) 
GAIN =A1 
+5V y. 
k -& + cr J Vox 
GAIN2 V(a) Comparator (3) 
GAIN =A2 
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Figure 4. The harmonic-treated TCR controlling scheme 
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The static Var compensator absolute rms current rating |Jsr| can be given by (47): 
srl = |BsVacl (47) 


Where, Vac is the rms voltage applied across the SVC and Bs is its compensating susceptance. For the 
harmonic-treated TCR, Bs represents the compensating susceptance constituted by the filtering circuit and the 
TCR circuit. The rms current of the harmonic-treated TCR based SVC can be expressed in terms of the 
filtering circuit parameters, TCR reactance, and Vcr as: 


Is = JBsVac = —JVac A a tg BG (48) 
oly wc, wl wC2 ols wC3 why 


When Vcr is zero, this SVC is supplying its maximum capacitive current, while it absorbs its maximum 
inductive current when Vcr is +5V. 


Figure 5. The TCR firing signals determination process 


2.2. Circuit design of the 380-V, 50-Hz harmonic-treated TCR based SVC 

The harmonic-treated TCR based SVC represents the building block of the load current balancing 
system of the three-phase unbalanced grounded load. This system is designed for load currents balancing of a 
100-kVA, 11kV/ 380V power transformer in 380-V, 50-Hz Iraqi distribution network. The rated line (phase) 
current of this transformer at it secondary side (consumer side), is about 214A (peak value). The average 
power factor for its phase currents is considered to be about 0.8 lagging. The load current balancing system 
for grounded loads has two static compensators; the first is built of three identical SVCs of type SVC1 
connected in delta-form, while the second compensator is built of three identical SVCs of type SVC2 
connected in star-form. Actually, SVC1 and SVC2 have different design values. The circuit diagram of the 
380-V, 50-Hz harmonic-treated TCR based SVC is shown in Figure 6. 

If the delta-connected static compensator is designed such that it can balance the active current 
components of the load phase currents when one of them is zero and the other two phase currents are 
carrying their rated currents with unity power factor, this will imply according to (13) that the balanced active 
line currents drawn from the AC supply are of 142.67A (peak value). Assuming that the phase of zero current 
is Phase C and applying (17)-(19) for calculating the compensating susceptances result in: Bs;4z = 0, Bsipc = 
0.2650, and Bsica = -0.265 U. According to these calculated susceptances, SVC1 should be designed such 
that its capacitive and inductive reactive current ratings are equal. This implies that the factor kr employed in 
(38) should be of a value of 2. Using (47) after substituting for Vac by 537V and for Bs by 0.2650 results in a 
reactive current rating of 142.67A (peak value). Note that 537V stands for the peak value of an rms value of 
380V. Consequently, the TCR reactor of SVC1 should carry a reactive current of 283.333A (peak value). 
Since the peak value of the AC voltage across the TCR is 537V, the following design values are computed: 
L7=6mH, L)=2.916mH, L2=1.75mH, L3=1.25mH, Ls=3.07mH, Cs=3300uUF, Cy=387 uF. C2=231uF, and 
C3=165 uF. Note that Lr is calculated by dividing 537 by 283.333@ and other design quantities are calculated 
using (27)-(30) and (40)-(43). Self-resistances of reactors are chosen such that for each reactor the resistance 
to inductance ratio is about 10Q per Henry. The thyristor used for TCR design is of the type T627121574DN. 
It has continuous voltage and current ratings of 2200V and 300A, respectively. This SVC is excited by the 
instantaneous line voltage vz which is of peak to peak value of 1075V. Its phase is chosen to be zero for 
simplicity. The currents is, ir, and ir stand for the instantaneous currents of SVC1, filtering circuit, and the 
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TCR, respectively. vr represents the instantaneous voltage across the TCR. SVC1 current controller and 
thyristor driving circuit are represented by electronic parts saved in certain locations on PSpice libraries. 

The controller of the harmonic-treated TCR current is driven by the analogue voltage k2Bs shown in 
Figure 4. The controller of Figure 4 represents a general controlling scheme of the harmonic-treated TCR. 
The basic controlling signal in the 380-V, 50-Hz harmonic-treated TCR is k4Bs which is represented by a DC 
voltage supply varying in the range of -10V to +10V. The controlling circuit of SVC1 is shown in Figure 7. 
This circuit is thoroughly emulating the controlling scheme depicted in Figure 4. Since kr for SVC1 is 2, the 
constant A; and A: are calculated to be 0.5 and 0.25, respectively. The electronic part F(ALPHA) is saved in 
a separate library on PSpice. The constant k4 is calculated as follows: kg=10V/(142.67A/537V)=37.64VQ. 
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Figure 7. The controlling circuit of SVC1 


Load current balancing for 4-wire systems using harmonic treated ... (Abdulkareem Mokif Obais) 


192 O ISSN: 2088-8694 


The driving circuit of the thyristor T627121574DN used in the design of SVC1 is shown in Figure 8. 
The circuit supplies the sufficient gate current to the thyristor during the active pulse across the gate and 
cathode. In addition, it offers through its opto-coupler the suitable electrical isolation between the power 
circuit and the low voltage electronic circuits. 
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Figure 8. The driving circuit of the thyristor T627121574DN 


The electronic part that stands for FFALPHA) in the SVC1 controlling circuit is generated on PSpice 
using the electronic circuit shown in Figure 9. In this figure, a signal analogous to the mathematical behavior 
of in (24) is produced. The input to this circuit is the rectangular waveform Vs3 which is generated through 
the X-NOR operation on Vs; and Vs2. Many electronic operations are used in the simulation of F(a). A ramp 
signal is produced due the exertion of Vs; on the ramp generator. Many electronic processes are made on the 
ramp signal such that a positive half-cycle of a sinusoidal signal running at double frequency of the AC 
source is produced. Comparing Vcr with 5F'(a) makes the TCR current fundamental respond linearly to the 
reactive current demand, thus the overall response of SVC1 is linearized due to such a comparison. 
Linearizing the reactive current response of the harmonic-treated TCR based SVC to the reactive current 
demand is considered as another modification beside the harmonic treatment made on the traditional TCR. 
These two modifications promote such kinds of SVCs to be continuously and linearly controlled harmonic- 
free compensating susceptances. Figure 10 shows the waveforms of the analogue simulation of F(a). 
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Figure 9. The analogue simulation of F(a) 
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Figure 10. Waveforms indicating the production processes of F(a) 


2.3. Circuit design of the 220-V, 50-Hz harmonic-treated TCR based SVC 

This harmonic-treated TCR based SVC is the building block of the star-connected static 
compensator which is built to compensate for load reactive current components in addition to the reactive 
current components released by the first static compensator. It is classified as SVC2 type. The inductive and 
capacitive ratings for this SVC can be determined by considering the severe unbalance case associating the 
open circuit occurring on one phase of a three-phase load and the other two phases remain carrying the rated 
current with 0.8 lagging power factor. The maximum active current component of the line current of the first 
static compensator is 0.8(214+214)/3=114A (peak value). The reactive current component associating this 
current is 99A (peak value). The number 99 corresponds to 114 times sin (7/3). The reactive component of 
the first static compensator line current is either capacitive or inductive. Since the connected phases are 
carrying rated currents with 0.8 lagging power factor, an additional capacitive reactive of about 128A (peak 
value) should be added to the reactive current of 99A released by the first static compensator. The maximum 
expected capacitive current demanded from SVC2 is 227A (peak value), while the maximum expected 
inductive current is about 123A (peak value) which corresponds to 142.67 times sin (2/3). The TCR should 
satisfy a reactive current rating equal to the sum of the capacitive and inductive current ratings, i, e it should 
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be capable of carrying a maximum reactive current of 350A (peak value). Since the voltage applied across 
the TCR of SVC2 is a phase voltage of an rms value of 220V, the inductance of the TCR reactor (Lr) is 
calculated to be about 2.83mH. The rating factor kr of SVC2 is calculated according to its reactive currents 
rating to be 350/227=1.542. Using Equations (40)-(43) results in the following design quantities: L;=1.06mH, 
L2=0.63mH, L3=0.45mH, and Ls=1.13mH. The inductance value of Ls corresponds to a Cs value of more than 
8000uF. An inductance of about 2mH for Ls is a better choice for the harmonic-suppressing circuit, since it 
results in better reduction of harmonics and more acceptable value for Cs. Using the above design values for 
reactors and substituting them in (27)-(30) yield the following values for capacitors: Cs=5000uF, 
C;=1060uF, C2=645uF, and C3=460uF. Self-resistances of reactors are chosen in the same manner adopted 
in SVC1. The circuit diagram of SVC2 is shown in Figure 11. The thyristor used in the circuit design of 220- 
V. 50-Hz harmonic-suppressed TCR based SVC is T627121574DN. The basic controlling signal in this SVC 
is ksBs which is varying in the range of -5.4V to +10V. SVC2 is excited by the phase voltage Vp which is of a 
peak to peak value of 622V. Since the maximum capacitive current of SVC2 corresponds to ksBs of 10V, 
then ks is calculated as 10V/(227A/311V)=13.7VQ. 311V corresponds to the amplitude of 220V rms voltage. 
Since kr for SVC2 is of a value of about 1.542, the constants A; and A: are calculated to be 0.649 and 0.325, 
respectively. 
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Figure 11. The circuit of the 220-V, 50-Hz harmonic-treated TCR based SVC (type SVC2) 


2.4. Circuit design of the proposed load current balancing system for grounded loads 

Figure 12 shows the circuit diagram of a complete load current balancing system for grounded loads 
using two configurations of harmonic-treated TCR based SVCs. The first configuration represents a static 
compensator built of three SVCs type SVC1 connected in delta-form, while the second configuration is a 
static compensator built of three SVCs type SVC1 connected in star-form. The functions of the two 


Int J Pow Elec & Dri Syst, Vol. 13, No. 3, September 2022: 1922-1950 


Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 1935 


compensators are already discussed. Each SVC has its individual controller and driving circuit. The 
controllers are also discussed and the two driving circuits of the TCR thyristors are merged into one 
electronic part and saved in PSpice libraries. The circuit diagram includes a circuit called AC signals 


detection circuit which 


extracts low voltage analogue signals proportional to the phase and line voltages of 


the AC power system. The computation circuit in this circuit diagram is represented by a single electronic part. 
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Figure 12. Circuit diagram of load current balancing system for grounded loads in 380-V, 50-Hz power 


system network using harmonic-treated TCR based SVCs 
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The AC voltage’s detection circuit is shown in Figure 13. The phase voltages are detected through 
potential dividers which are buffered through three voltage followers. The buffers outputs are processed 
through difference amplifiers for demining the k3vaz, k3vgc, and k3vca which are necessary for the controllers 
of the delta-connected SVCs. According to this circuit, k3 is calculated to be 0.00892. The buffer outputs 
k3va, k3vp, and k3vc are necessary for the star-connected SVCs controllers and the computation circuit. 

The current transformer used in this load current balancing system is shown in Figure 14. Its 
primary to secondary turn ratio is 1:100. The value of the resistance R; is chosen such that the maximum 
amplitude of the analogue voltage k;i is about 14.14V when the load line current is 214A (peak value). 
Accordingly, k; is calculated to be 0.066Q. 


Figure 13. AC voltages detection circuit for load current balancing system using harmonic-treated TCR based 
SVCs 
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Figure 14. Current transformer for 380-V, 50-Hz load current balancing system 


The computation circuit is used to determine the compensating susceptances required for load 
current balancing. Its circuit diagram is shown in Figure 15. Firstly, the current signals are sampled at the 
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positive peaks of their corresponding phase voltages to obtain their active components. The current signals 
are also sampled at the negative slope zero-crossing points of their corresponding phase voltages to obtain the 
negative values of their reactive components. The delta-connected compensator susceptances are computed 
using (17)-(19), while the star-connected compensator susceptances are computed by using (20)-(22). The 
difference and summing amplifiers perform the computation process for all compensating susceptances. 
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Figure 15. The computation circuit of load current balancing system using harmonic-treated TCR 
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3. RESULTS AND DISCUSSION 
The circuits of Figures 6, 11, 12 were tested on PSpice to show the performance of the proposed 
compensating susceptances and load current balancing system. 


3.1. Performance results of the 380-V, 50-Hz harmonic-treated TCR based SVC 

The 380-V, 50-Hz harmonic-treated TCR based SVC is classified as type SVC1. The circuit 
diagram of SVC1 is shown in Figure 6. This circuit was tested on PSpice for the investigation of harmonic 
contents, control continuity and linearity. The parameters measured through PSpice tests where the SVC 
current is, the TCR current ir, the AC voltage vz, the TCR voltage vr, the SVC current frequency spectrum 
F(S), and the TCR current frequency spectrum F(T). The AC voltage vz was of amplitude of 537V (peak 
value) and zero phase angle. The basic controlling signal of the compensator is k4Bs which is represented by 
a separate DC source. Figure 16 shows SVC1 response to zero reactive current demand which corresponded 
to k4Bs=0. It is obvious that SVC1 fundamental current is almost zero and F(S) is free from any sort of 
current harmonics. Figure 17 shows SVC1 response to an inductive current demand of 36A (peak value), 
which corresponded to k4Bs of -2.5V. Figure 18 reflects SVC1 performance during its response to an 
inductive reactive current demand of 72A (peak value), which corresponded to k4Bs of -5V. Figure 19 shows 
the performance of SVC1 during its response to an inductive reactive current demand of 108A (peak value) 
which corresponded to k4Bs of -7.5V. 
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Figure 17. SVC1 response to an inductive current demand of 36A (peak value) 
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Figure 20 shows the performance of SVC1 during its response to an inductive current demand of 
144A (peak value), which corresponded to k4Bs of -10V. This inductive reactive current demand corresponds 
to the compensator maximum inductive current rating. The TCR was operating at zero firing angle at this 
test. In all these tests, the compensator current was purely inductive. Even though the frequency spectrum of 
the TCR current F(T) exhibits significant odd current harmonics, SVC1 current spectrum F(S) is free from 
noticeable current harmonics except the fundamental component. This is due to the harmonic cancellation 
efficiency of the filtering circuit and the harmonic suppression efficiency of the harmonic suppressing circuit. 
During zero reactive current demand, SVC1 current frequency spectrum exhibits a fundamental current 
component of a less than 3A (peak value). This amount of current is responsible for no load operating losses 
of this compensator. 
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Figure 18. SVC1 response to an inductive current demand of 72A (peak value) 
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Figure 19. SVC1 response to an inductive current demand of 108A (peak value) 


Here is the performance of SVC1 during capacitive mode of operation. Figure 21 shows the 
performance of SVC1 during its response to a capacitive reactive current demand of 36A (peak value), which 
corresponded to k4Bs of 2.5V. It is obvious that the compensator current waveform is purely capacitive. 
Figures 22-24 show the responses of SVC1 to capacitive reactive current demand of 72A, 108A, and 144A 
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(peak values) which, corresponded to k4Bs of 5V, 7.5V, and 10V, respectively. The figures exhibit purely 
capacitive responses. During capacitive mode of operation, the frequency spectrum of SVC1 current 
indicates no noticeable current harmonics beside the fundamental component. In addition, the compensator 
current exhibits peaks at the positive slope zero crossing points of the AC voltage supplying the compensator. 
Consequently, SVC1 current is verified as purely capacitive and free from any sort of noticeable current 
components except the fundamental component. In Figure 24, the amount of current corresponds to SY C) 
maximum capacitive current rating. In this test, the TCR was fully relaxed and filtering circuit was supplying 
the capacitive reactive current demand. The frequency spectrum of this test shows that the TCR current 
indicates no signs of harmonic association. 
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Figure 20. SVC1 response to an inductive current demand of 144A (peak value) 
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Figure 21. SVC1 response to a capacitive current demand of 36A (peak value) 
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Figure 22. SVC1 response to a capacitive current demand of 72A (peak value) 
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Figure 23. SVC1 response to a capacitive current demand of 108A (peak value) 
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Figure 24. SVC1 response to a capacitive current demand of 144A (peak value) 


According to the above tests, SVC1 is demonstrated as a harmonic-free pure reactive device which 
can be represented by a harmonic-free compensating susceptance. The nonexistence of any sort of current 
harmonics beside SVC1 reactive current fundamental reflects the effectiveness of the filtering technique 
adopted in the design of the harmonic-treated TCR. The linearity of the devised compensating susceptance is 
verified by the graph shown in Figure 25. This graph is obtained by plotting the actual values of SVC1 
current against reactive current demand. The minus sign denotes inductive reactive current. The performance 
of this compensating susceptance during sudden change in reactive current demand from maximum 
capacitive to maximum inductive is shown in Figure 26. 
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Figure 25. SVC1 actual reactive current against reactive current demand 
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Figure 26. The treatment of SVC1 to sudden change in reactive current demand from maximum capacitive to 
maximum inductive. The change occurred at t=200ms and the transition period was 20ms 


3.2. Performance results of the 220-V, 50-Hz harmonic-treated TCR based SVC 

The 220-V, 50-Hz harmonic-treated TCR based SVC is classified as type SVC2. The circuit 
diagram of this SVC is shown in Figure 11. The AC voltage supplying SVC2 was the phase voltage vp which 
was of amplitude of 311V (peak value) and zero phase angle. SVC2 is controlled by the analogue voltage 
ksBs. A capacitive current of 227A (peak value) corresponds to ksBs of 10V; while an inductive current of 
123A (peak value) corresponds to ksBs of -5.4V. A zero reactive current demand corresponds to ksBs of zero 
value. SVC2 was tested on PSpice for the investigation of harmonic contents, control continuity and linearity. 
SVC2 shows similar performance compared to SVC1 in capacitive and inductive modes of operation, except 
different in reactive current ratings. SVC2 responses to reactive current demand variations in the range of 
123A (peak value) inductive to 227A (peak value) capacitive are summarized as shown in Figure 27. The 
linearity of this susceptance is verified by the graph of this figure. This graph is obtained by plotting the 
actual current of SVC2 against reactive current demand. The minus sign in Figure 27 denotes inductive 
current. Finally, it has been demonstrated that the 220-V, 50-Hz harmonic-treated TCR based SVC (SVC2) 
can be represented by a continuously and linearly controlled harmonic-free compensating susceptance. 
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Figure 27. SVC2 reactive current against reactive current demand 
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3.3. Performance results of the proposed load current balancing system 

This load balancing system is shown in Figure 12. The system was tested on PSpice at different 
loading conditions. The basic parameters measured were the AC source currents ia, ig, and ic; the load 
currents iza, izg, and izc; the first compensator currents isz4, isıg, and isıc, the second compensator currents 
İs24, is28, and (oc. The AC source was a 100-kVA, 11 kV/380 V, 50-Hz power transformer having a rated 
current of 214 A (peak value). Figure 28 shows the compensator performance during balanced rated resistive 
load. It is obvious that the load current balancing system was relaxed through this test since both its 
compensators were carrying almost zero currents. 
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Figure 28. The proposed load current balancing system was relaxed during balanced resistive load 


Figure 29 shows the treatment of the load current balancing system to a balanced three-phase load 
carrying the power transformer rated current at a lagging power factor of 0.707. The treatment had resulted in 
balanced resistive load drawn from the power transformer. During this load, the first compensator of the load 
current balancing system was fully relaxed. The figure shows big reduction in the AC source currents. 
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Figure 29. The proposed load current balancing system during its treatment to a balanced rated load at 0.707 
lagging power factor 


The system can correct to unity the power factor of the load phase currents as long as the load 
reactive current components are within the reactive current capability of the second compensator. If the 
reactive current contents required to be compensated are exceeding the second compensator capability, then 
the expected action will be power factor improvement of the load phase currents. Figure 30 shows the 
performance of the load current balancing system during a load unbalance resulted from disconnecting one 
phase of a balanced rated load at a lagging power factor of 0.8. Even though, the load unbalance was severe, 
it had been recovered with balanced pure real currents drawn from the AC source (power transformer). 


Load current balancing for 4-wire systems using harmonic treated ... (Abdulkareem Mokif Obais) 


1946 O ISSN: 2088-8694 


AC phase voltages 


Load currents 


I (LA) 


a ọ I(B) + ILC) 


Ist compensator currents 


2nd compensator currents 


AC source currents 


Figure 30. Performance of the proposed load current balancing system during the disconnection of one phase 
of a balanced rated load at 0.8 lagging power factor 


Figure 31 shows the treatment of a load unbalance resulted from the disconnection of two phases of 
a rated three-phase load at 0.8 lagging power factor. The above load unbalance is actually severe, but the load 
current balancing system had easily involved it with the production of balanced active AC source phase 
currents. Figure 32 shows the treatment of a significant unbalance in phase and magnitude of a three-phase 
load having phase currents exceeding the power transformer current rating. The load balancing system had 
brought the AC source currents below their rated values. The compensation mechanism of the load unbalance 
depicted in Figures 32 is clarified by the phasor diagram shown in Figure 33. 
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Figure 31. Performance of the proposed load current balancing system during the disconnection of two 
phases of a three-phase load and leaving the third carrying a rated current at 0.8 lagging power factor 
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Figure 32. Performance of the load current balancing system during its treatment to a load unbalance in 
which all phase currents were exceeding the power transformer rating 


Figure 33. A phasor diagram showing the balancing mechanism of the load unbalance treated in Figure 32 
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4. CONCLUSION 

The harmonic-treated TCR based SVC is devised from the traditional TCR, which is characterized 
by the injection of wide spectrum of odd current harmonics. Equipping the traditional TCR with efficient 
harmonic-suppressing and filtering circuits beside the devised controlling scheme makes it respond linearly 
to reactive current demand (capacitive and inductive) without noticeable harmonic association. The filtering 
efficiency of the devised SVC is invulnerable to the adjacent harmonic sources in the power system network 
where the SVC is installed. The 34, 5", and 7 current harmonics are completely cancelled in the SVC 
current, while the 9" odd harmonic and forth are minimized to at least one tenth their magnitudes in the TCR 
current. The harmonic-treated TCR based SVC represents a reliable replacement of the FC-TCR based SVC 
equipped with high power harmonic filters, thus using harmonic-treated TCR based SVC achieves energy 
and cost savings. In addition, this devised SVC is capable of satisfying reactive current demand during 
sudden change from maximum capacitive to maximum inductive with a transition time less than 20msec. The 
devised continuously and linearly controlled harmonic-free compensating susceptances are employed in the 
design of a transformerless load current balancing system for a 100-kVA power transformer in a 380-V, 50- 
Hz distribution network. The devised compensating susceptances and the designed load current balancing are 
characterized by controlling linearity and compensation quality superior to those proposed by previous 
works. The proposed load current balancing system had showed excellent treatment to different unbalance 
conditions. 
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